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[1] Cloud and aerosol effects have a significant impact on the atmospheric radiation
budget in the tropical Atlantic because of the spatial and temporal extent of desert dust and
smoke from biomass burning in the atmosphere. The influences of African dust and
smoke aerosols on cloud radiative properties over the tropical Atlantic Ocean were
analyzed for the month of July for 3 years (2006–2008) using colocated data collected by
the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) and Clouds and the
Earth’s Radiant Energy System (CERES) instruments on the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) and Aqua satellites. Aerosol layer
height and type can be accurately determined using CALIOP data through directly
measured parameters such as optical depth, volume depolarization ratio, attenuated
backscatter, and color ratio. On average, clouds below 5 km had a daytime instantaneous
shortwave (SW) radiative flux of 270.2 ± 16.9 W/m2 and thin cirrus clouds had a SW
radiative flux of 208.0 ± 12.7 W/m2. When dust aerosols interacted with clouds below
5 km, as determined fromCALIPSO, the SWradiative flux decreased to 205.4 ± 13.0W/m2.
Similarly, smoke aerosols decreased the SW radiative flux of low clouds to a value
of 240.0 ± 16.6 W/m2. These decreases in SW radiative flux were likely attributed to the
aerosol layer height and changes in cloud microphysics. CALIOP lidar observations,
which more accurately identify aerosol layer height than passive instruments, appear
essential for better understanding of cloud-aerosol interactions, a major uncertainty in
predicting the climate system.
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1. Introduction

[2] Clouds and aerosols can have numerous effects on
the atmospheric radiation budget. Clouds, especially at
large optical depths, can potentially cause large negative
net radiative forcing (cooling) because the radiation back-
scattered to space often exceeds the cloud greenhouse effect
[Rajeevan and Srinivasan, 2000]. During cloud-free
conditions, aerosols such as desert dust and smoke from
biomass burning reflect solar radiation to space and absorb
radiation, processes known as the aerosol direct radiative
effect [Haywood and Boucher, 2000]. The uncertainty in
understanding cloud and aerosol effects on the radiation
budget results from complex interactions between aerosols
and clouds. High concentrations of dust and smoke particles

act as ice nuclei (IN) in cirrus clouds and cloud condensa-
tion nuclei (CCN) in water clouds [Kaufman et al., 1997;
DeMott et al., 2003]. Consequently, clouds that form in the
presence of high aerosol concentrations tend to contain
more numerous but smaller droplets that can increase cloud
albedo and suppress precipitation [Ackerman et al., 2000;
Rosenfeld et al., 2001]. These phenomena are defined as the
aerosol indirect radiative effects [Twomey, 1977; Albrecht,
1989]. The aerosol semidirect effect arises when aerosols
heat the atmosphere, evaporating low-level clouds [Grassl,
1975; Su et al., 2008]. Also, dust and smoke layers elevated
above low-level clouds can inhibit solar radiation from
reaching a cloud layer through aerosol absorption and
scattering. These cloud and aerosol effects on the atmo-
spheric radiation budget remain a major uncertainty in
understanding and predicting the climate system [Solomon
et al., 2007].
[3] The interactions between aerosols and clouds can

have an important effect on the Earth’s radiation balance
in regions such as the tropical Atlantic owing to the large
spatial and temporal extent of desert dust and smoke in the
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atmosphere. Biomass burning in the tropics is responsible
for roughly 80% of the globally burned biomass, making
Africa a major source of carbon containing smoke aerosols
in the global atmosphere [Keil and Haywood, 2003]. During
August–September 2000, the Southern Africa Regional
Science Initiative (SAFARI) [Swap et al., 2002] was con-
ducted to further investigate the smoke aerosols generated
from biomass burning in this region. During the dry season
(June–September) over land, anticyclonic systems cause
stagnant conditions and extend aerosol residence time [Ross
et al., 2003]. Along coastal regions, trade winds transport
smoke aerosols over the Atlantic Ocean between the
Equator and 20 S [Myhre et al., 2003]. Africa also contains
the Earth’s largest desert, the Sahara, a significant source for
atmospheric desert dust. Saharan dust greatly influences the
northern tropical Atlantic (5�N�30�N) in July [Kaufman et
al., 2005] and long-range transport of dust from Africa can
even contribute to high fine aerosol mass concentrations in
the United States during the summer months [DeMott et al.,
2003]. The NASA African Monsoon Multidisciplinary
Analyses (NAMMA) [Redelsperger et al., 2006] field
campaign was performed in August of 2006 to examine
the effect of this dust on tropical precipitation and tropical
cyclone development. Although the cloud microphysical
and radiative effects of these African aerosols have been
studied during projects such as SAFARI and NAMMA,
there are few investigations of these radiative effects over the
tropical Atlantic as seen from recent satellite observational
lidar data.
[4] In recent years, several studies have investigated

the radiative effects of clouds and Asian dust. Huang et
al. [2006a] used Clouds and the Earth’s Radiant Energy
System (CERES) and the Moderate Resolution Imaging
Spectroradiometer (MODIS) data to examine the impacts of
Asian dust storms on radiative forcing and cloud micro-
physics in cloudy conditions. Su et al. [2008] conducted a
similar study by using additional Asian dust storm cases and
the Fu-Liou radiative model. Both studies found that, on
average, the magnitude of the SW and net instantaneous
top-of-atmosphere (TOA) radiative forcing in regions with
dust and clouds present were less than aerosol-free cloudy
regions. It is also revealed from these studies that changes in
cloud microphysical properties, such as decreases in optical
depth, corresponded to changes in SW and net radiative
forcing. However, identifying dust-contaminated ice clouds
is a challenge for MODIS cloud mask algorithms [Brennan
et al., 2005]. The identification of dust-contaminated clouds
in these studies assumes the cloud is dust-contaminated
when the brightness temperature for ice clouds at the 11 mm
becomes larger than the brightness temperature at 12 mm
[Huang et al., 2006a]. However, if water clouds are located
beneath the ice cloud layer, a situation commonly observed
in the tropics, this assumption is invalid. In this study,
we will examine data from the CERES instrument andCloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP)
instrument on the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) satellite to
quantify the impacts of African dust and smoke on radiative
properties of clouds, resolve the prominent aerosol radiative
effects in the tropical Atlantic, and demonstrate the ability of
the CALIOP data to more accurately determine the aerosol
layer height and type. Ultimately, this lidar data should lead to

a better understanding of aerosol-cloud-climate interactions
over the tropical Atlantic.

2. Data and Methodology

[5] The launch of the CALIPSO satellite in April 2006
allows the science community to explore aerosol-cloud
interactions through parameters such as cloud and aerosol
layer height, optical depth and depolarization ratio. The
primary instrument on the CALIPSO satellite is the dual
wavelength, polarization-sensitive backscatter lidar known
as CALIOP. This lidar measures vertical profiles of cloud
and aerosol optical properties in the atmosphere with a
vertical resolution of 60 m in the troposphere [Winker et al.,
2009]. The level 2 cloud and aerosol data with 5 km
horizontal resolution is analyzed in this study. Parameters
of interest such as cloud and aerosol height, integrated
attenuated backscatter, optical depth, and depolarization
ratio are obtained from the backscatter data. Depolarization
ratio is defined as the backscatter laser power polarized
perpendicular to the polarization plane of the laser
transmitter divided by the backscatter laser power polarized
parallel to the polarization plane of the laser transmitter. In
the absence of multiple scattering, the depolarization ratio is
zero for spherical particles, whereas nonspherical particles
impart significant amounts of depolarization (values
between 0.2 and 0.5 [Measures, 1992]). The CALIPSO
satellite provides global vertical profile measurements of
clouds and aerosols to complement the horizontal plane data
acquired by existing imagers on NASA satellites. CALIPSO
orbits in formation with the Aqua satellite as part of
the NASA A-Train satellite constellation, a group of six
satellites that fly in close proximity. This allows examina-
tion of Earth’s climate system by combining the CALIPSO
data set with other platforms such as CERES [Hu et al.,
2007, 2008; Eckhardt et al., 2008].
[6] CERES, a payload on the Aqua satellite, supplies the

science community with global radiance measurements. The
instrument measures broadband TOA radiances at a spatial
resolution of 20 km at nadir in three spectral regions; 0.2 to
5 mm, 8 to 12 mm, 0.2 to 100 mm. The first of the three
bands measures shortwave (SW) broadband radiation, while
the third band measures total broadband radiation. Long-
wave (LW) broadband radiation is then estimated as the
total minus the shortwave [Wielicki et al., 1996]. These SW
and LW radiances are then converted to atmospheric and
surface fluxes using angular distribution models (ADMs),
which correct for bidirectional properties of a reflecting
surface [Loeb et al., 2005]. Uncertainty in the SW and LW
instantaneous TOA radiative flux estimations can occur if
the anisotropy of the scene is not accurately characterized
by these CERES ADMs. Loeb et al. [2007] studied the
consistency between nadir and oblique viewing zenith
angles to approximate the performance of the CERES
ADMs, since the flux at the top of the atmosphere is
independent of viewing geometry. The authors found that
the error in CERES fluxes due to aerosol type is about 2%
to 4% (<4 W/m2). They also found SW flux errors of less
than 3% (<12W/m2) for moderate-to-thick low clouds as well
as high clouds and even smaller errors (1.8% or <5 W/m2) in
the LW. CERES provides the most accurate set of global
radiative fluxes at TOA and the surface to date. CERES
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Single Scanner Footprint (SSF) data sets combine CERES
radiation measurements and MODIS cloud microphysical
retrievals to create a set of 140 parameters for studying the
role of clouds in the Earth’s radiation budget [Huang et al.,
2006a].
[7] We have colocated the CALIOP 5-km laser footprint

and the CERES SSF 20-km nadir pixel for the month of
July for 3 years, 2006 through 2008. The geographical area
the data represents is 22�S to 28�N latitude and 35�W to
10�W longitude, over the Atlantic Ocean. This data fusion
was possible because the CALIPSO and Aqua satellites
were so close in proximity that a point on the ground will be
observed by the CALIOP and CERES instruments with an
average time separation of 1.5 min [Winker et al., 2003].
The colocation was achieved via a two-step process [Holz et
al., 2008]. Data was first colocated in time, and then in
space. The CALIOP position information was used to find
the best matching CERES footprint within 0.25 degrees
from its footprint. Once a match was found, a location offset
from the CALIOP footprint was calculated and stored.
All selected SSF parameters were merged with the CALIOP
5-km data product for further analysis.
[8] The CERES-CALIOP colocated data set offered

many advantages compared to the measurements provided
by the CERES-MODIS SSF data. First, CALIOP provides
vertical profiles with vertical resolution of 60 m to correctly
detect multiple cloud and aerosol layers in a single profile.
This task is important when studying cloud-aerosol interac-
tion but can be difficult using an imager such as MODIS.
Once these cloud and aerosol layers were detected, it was
essential to identify the type of cloud or aerosol, since
radiative effects are largely governed by the cloud and
aerosol physical and optical properties. The cloud and
aerosol type is accurately determined using CALIOP data

through directly measured parameters such as layer height,
volume depolarization ratio, and attenuated backscatter
color ratio. In this process, no assumptions about brightness
temperatures are required or used. A layer-effective extinction-
to-backscatter ratio (S ratio) is then selected on the basis of
characteristic values for each layer type. S ratio is defined as
the ratio of aerosol extinction to backscatter and should vary
from about 15 to 90 for tropospheric aerosols. Lower values
of S ratio are associated with large and/or weakly absorbing
particles (i.e., dust) and higher values originate from small
and/or highly absorbing particles (i.e., smoke [Anderson et
al., 2000]). Combining two data sets such as CERES and
CALIPSO with varying horizontal and vertical resolution
can introduce some uncertainties. Therefore, horizontal
homogeneity must be assumed across the 20-km CERES
footprint to make direct comparisons between instruments.
Also, CALIPSO has a tendency to misidentify thick aerosol
layers as cloud layers. To this end, only profiles with a
cloud layer detected by CALIOP and a CERES cloud
fraction of 85% and 100% were considered cloudy profiles.
Constraining cloudy profiles in this matter should minimize
the impact of these misidentified aerosol layers as well as
the different instrument footprints. Also, only profiles with
an aerosol layer measured by CALIOP and a CERES
subpixel percent area overcast value greater than 25% were
considered aerosol polluted profiles. For opaque clouds that
completely attenuate the signal, CALIOP, like most lidar
systems, does not have the signal strength to measure the
full extent of the cloud. The CALIPSO data products
identify about 53% of low clouds having optical depths
less than 3.0 as being opaque. Consequently, this study
only examined transparent clouds (�47%). In order to
correctly obtain the optical depths of transparent clouds
and aerosols from the CALIOP lidar, estimations of the

Figure 1. The 532-nm total attenuated backscatter (km�1 sr�1) image from the CALIOP lidar for the
daytime CALIPSO track over the tropical Atlantic on 17 July 2007. The black boxes identify the cloud
and aerosol layers which serve as the basis of the 10 profile types used in this study (http://www-
calipso.larc.nasa.gov/products/lidar/browse_images/show_calendar.php).
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multiple scattering and extinction-to-backscatter ratio must
be accurate [Zardecki and Deepak, 1983]. However, the
multiple scattering factor used to obtain the optical depth of
water clouds in the CALIPSO version 2.01 data product is
incorrect, leading to unreliable retrievals of cloud optical
depth for water clouds [Winker et al., 2009]. CALIOP
extinction profiles (i.e., optical depth) for ice clouds, as
well as cloud integrated attenuated backscatter, layer top
and base altitude for all clouds are found to be consistent
with those determined by the airborne Cloud Physics Lidar
[McGill et al., 2007; D. L. Hlavka et al., Airborne validation
of level 2 products measured by the CALIPSO lidar,
manuscript in preparation, 2009] and therefore will be
included in this analysis.
[9] The local daytime CALIPSO track (typically around

1400 to 1600 UTC) of the colocated data was analyzed and
separated into ten profile types. These profile types, defined
in Table 1, were computed on the basis of the optically
thickest cloud and aerosol layers detected in the profile and
were determined separately from the CALIPSO feature
mask product. The 532 nm total attenuated backscatter
(km�1 sr�1) from CALIOP for 17 July 2007 appears in
Figure 1, with black boxes to demonstrate the cloud and
aerosol layers used to define the 10 profile types. A thin
cirrus cloud was defined as a cloud with optical depth
between 0.1 and 1.0 and a base height higher than 8 km.
It should be noted that cirrus clouds can have optical depths
above 1.0, however, aerosol layers located underneath these
thicker cirrus were difficult to detect. All other clouds above
5 km with an optical depth greater than 1.0 were considered
high convective clouds (HCC). Table 1 shows only one
profile type based on high convective clouds because
aerosols were rarely observed in the same profile since
these clouds attenuate a large portion of the lidar signal.
Clouds below 5 km were designated ‘‘low cloud.’’ Dust,
typically lofted in this analysis as shown in Figure 1, was
classified as an aerosol layer with a depolarization ratio
greater than 0.20, or between 0.07 and 0.20 with an S ratio
between 40 and 60. When the depolarization ratio was less
than 0.07 or between 0.07 and 0.20 with an S ratio greater
than 60, these layers were assigned as ‘‘Smoke’’ [Anderson
et al., 2000; Omar et al., 2009]. These smoke and dust layer
thresholds are justified in section 3.1. When no cloud or
aerosol layers are detected by CALIOP, the profile is
considered ‘‘Pristine.’’ The aforementioned profile types
will be used to determine the direct radiative effects of
these clouds and aerosols. The remaining four profile types
(Table 1) will consist of profiles in which both a cloud and

aerosol layer were detected, providing a basis for studying
the radiative effect of smoke and dust aerosols.

3. Results

3.1. Cloud Observations and Aerosol Transport

[10] Dust and smoke from Africa were prominent over
the tropical Atlantic during July (2006 to 2008), creating the
opportunity for cloud-aerosol interactions. To assess the
distribution of the cloud and aerosol layer locations and
confirm the layers used in this study were consistent
with previous studies, the frequencies of the latitudinal
occurrence of these layers were plotted in Figure 2.
Figure 2 stresses the most frequent latitudes in which a
layer type occurs relative to all latitudes in which that layer
type was observed for this study. Low clouds, mostly
marine boundary layer cumulus clouds, were detected
throughout the tropical Atlantic on all days analyzed
(Figure 2). High convective and thin cirrus clouds (‘‘high
clouds’’) were primarily observed in the region of the ITCZ,
centered at about 7�N (Figure 2). Clouds in these locations
were also observed in Figure 1, with a thin cirrus cloud
north of the ITCZ. The northern tropical Atlantic (28�N to
10�N) was heavily influenced by dust (Figure 2). For
example, on 17 July 2007, an elevated, optically thick dust
layer was observed off the northwestern coast of Africa

Table 1. Description of Profile Types

Profile Type Constraints Total Samples

Pristine no cloud or aerosol layers present 722
Cirrus aerosol-free profile with thin cirrus cloud 1447
High convective cloud (HCC) aerosol-free profile with high convective cloud 2968
Low cloud aerosol-free profile with low cloud 4673
Dust cloud-free profile with dust layer 2505
Smoke cloud-free profile with smoke layer 8476
Dust�low cloud (DLC) profile with a low cloud and dust layer 2430
Smoke�low cloud (SLC) profile with a low cloud and smoke layer 1140
Dust�cirrus cloud (DC) profile with a thin cirrus cloud and dust layer 304
Smoke�cirrus cloud (SC) profile with a thin cirrus cloud and smoke layer 244

Figure 2. Frequency of the latitudinal occurrence of high-
cloud (red), low-cloud (green), dust (yellow), smoke (gray),
and clear (blue) profiles for all 3 years of July data,
normalized to the total number of that phenomenon’s
observations over all latitudes.
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between 27�N and 17�N (Figure 1). Back trajectories
initialized at 18�N, 25�W for 17 July 2007 at 1500 UTC
revealed 4.0-km (green) and 2.0-km (yellow) flow from the
low-level Sahara Desert region, further verifying the lofted
layer was dust from Saharan sources (Figure 3). Back
trajectories for every day in July (2006–2008) also
suggested the Saharan boundary layer as the source of the
dust layers observed in Figure 2, which compared favorably
with the results of Kaufman et al. [2005] and Engelstaedter
and Washington [2007]. In addition, aerosol layers, likely a
mixture of sea salt and smoke aerosols, were prevalent
during July in the marine boundary layer from 4�N to 22�S
(Figure 2), similar to the findings of Myhre et al. [2003].
The source of these smoke layers in Figures 1 and 2 were
likely attributed to biomass burning in southern Africa, as
back trajectories from every day in July (2006–2008)
indicated influence from southern Africa. For example, on
17 July 2007, back trajectories initialized at 2�S, 20�W

demonstrated low-level (0.5 km, red; 1.0 km, blue) flow
from southern Africa where MODIS detected a large
amount of active fires on this day (Figure 3). Carbon
monoxide (CO) increases during the month of July
compared to previous months in southern Africa have been
modeled and observed owing to savanna burning in Sahel
[Bremer et al., 2004]. The locations of cloud and aerosol
layers determined in this study were consistent with
previous results and further justify the aerosol typing thresh-
olds used in the method.

3.2. Cloud and Aerosol Direct Radiative Effects

[11] In the absence of clouds, aerosols such as smoke and
dust scattered solar radiation back to space, causing a
cooling effect compared to clear, pristine conditions. Figure 4
shows the 2006, 2007, 2008 and 3-year mean instantaneous
TOA SW radiative fluxes for all cloud-free profiles. Over
the tropical Atlantic, clear and pristine skies had a 3-year

Figure 3. Back trajectories from NOAA HYSLPIT (http://www.arl.noaa.gov/ready/hysplit4.html) and
GDAS meteorological fields initialized at 18�N, 25�Wand 2�S, 20�W for 17 July 2007 at 1500 UTC are
overlaid on MODIS daily active fire detection product for 17 July 2007 (http://landweb.nascom.nasa.gov/
cgi-bin/browse/browse.cgi). The active fires are indicated by the red dots.
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mean SW radiative flux of 74.0 ± 1.1 W/m2. Cloud-free
profiles containing smoke and dust layers yielded a 3-year
mean of 141.5 ± 7.4 and 161.9 ± 23.4 W/m2, respectively,
increases of 90% and 118% compared to clear and pristine
conditions. To within the uncertainties inherent in the
retrievals, the mean optical depths of dust and smoke layers
were nearly equivalent (Table 2), but the higher SW
radiative flux of dust (13% higher than smoke) indicates it
backscattered more SW radiation than smoke, likely owing
to less absorption compared to the absorption properties of
black carbon particles in smoke layers. Supporting this
notion, Takemura et al. [2002] reported a single scattering
albedo from AERONET data at 550 nm of 0.80 to 0.90 for
smoke, lower than the 0.95 value of dust. In the longwave,
the smoke aerosols (280.7 ± 6.1 W/m2) caused a decrease
in TOA radiative flux compared to clear skies (294.7 ±
0.9 W/m2), but only by about 5%. Therefore, when aerosols
were observed in the tropical Atlantic, the scattering of solar
radiation back to space was more dominant than the
greenhouse effect.
[12] The presence of clouds in the atmosphere had a large

impact on radiative effects. To compare the impact on
radiative effects for different profile types, the 2006,
2007, 2008 and 3-year mean instantaneous TOA SW and
LW radiative fluxes for all cloud profiles are displayed in
Figures 5a and 5b, respectively. Profiles in which high
convective clouds were detected had the most substantial
impact on radiative forcing. These profiles yielded a 3-year
mean SWradiative flux of 359.7 ± 19.3W/m2, about 285W/m2

greater than clear, pristine skies, whereas the 3-year mean
LW radiative flux was nearly 90 W/m2 less than clear,
pristine profiles. The 3-year mean SW radiative flux for low
cloud and thin cirrus cloud profiles were 271.5 ± 16.9 and
208.0 ± 12.7 W/m2, respectively. The low-cloud profiles
had a greater cooling effect than the optically thin cirrus

clouds observed in this study, likely a characteristic of the
larger integrated attenuated backscatter observed in low
clouds. Table 3 shows a 3-year mean integrated attenuated
backscatter of 0.0570 ± 0.0032 sr�1 for low clouds, but only
0.0152 ± 0.0002 sr�1 for the thin cirrus profiles. Assuming
an S ratio of 18 for low clouds (the value for water clouds in
operational lookup tables for backscatter lidars), an estima-
tion of the optical depth of the low clouds would be greater
than 1.0, higher than the observed mean of 0.53 for cirrus
shown in Table 3. Rajeevan and Srinivasan [2000] demon-
strated that clouds with large optical depths have a large
negative (cooling) net cloud forcing because the effect of
cloud albedo exceeds the cloud greenhouse effect. However,
thin cirrus clouds had a stronger greenhouse effect than low
clouds. The 3-year mean LW radiative flux for thin cirrus
clouds was 217.8 ± 7.5 W/m2, which was 15% lower than
low-cloud profiles and 26% lower than clear, pristine
profiles (Figure 5b). This was likely attributed to the
difference in cloud height between thin cirrus (11.75 ±
0.38 km) and low clouds (1.93 ± 0.50 km) in Table 3, an
association that was shown by Weare [1997]. The stronger
greenhouse effect of these thin cirrus indicates a weaker net
cooling effect compared to low clouds, which ultimately
demonstrates the importance of low clouds on the climate
system. When these low clouds were formed in air laden
with aerosols, the radiative effects became more complex.

Figure 4. The 2006, 2007, 2008, and 3-year mean
instantaneous SW TOA radiative fluxes (W/m2) for all
cloud-free profiles (pristine, smoke, and dust). The black
error bars represent ±1 standard deviation.

Table 2. Three-Year Mean Aerosol Properties

Aerosol
Type

Optical
Depth

Depolarization
Ratio

S
Ratio

Height
(km)

Smoke 0.27 ± 0.07 0.04 ± 0.004 50.57 ± 0.93 0.94 ± 0.02
Dust 0.24 ± 0.02 0.19 ± 0.001 39.85 ± 0.18 2.84 ± 0.02

Figure 5. Instantaneous (a) SW and (b) LW TOA radiative
fluxes (W/m2) for all cloud profiles for 2006, 2007,
2008, and 3-year mean. The black error bars represent
±1 standard deviation. Refer to Table 1 for the profile type
abbreviations.
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3.3. Cloud and Aerosol Interactions

[13] The presence of aerosols in profiles with low clouds
or thin cirrus clouds weakened the SW cooling effect of
these clouds. However, these radiative effects could have
originated from different mechanisms owing to the aerosol
characteristics of dust and smoke layers over the tropical
Atlantic. Table 3 reports mean cloud properties for all six
cloud profile types. All variables in Table 3 are obtained by
the CALIOP lidar except for cloud fraction, a CERES
product, and cloud optical depth for low-cloud profiles,
which are not available (NA) for reasons explained in
section 2. The aerosol layer height is defined as the
midlayer height.
[14] Profiles in which both dust and low clouds

were observed yielded a 3-year mean SW radiative flux of
205.4 ± 13.0 W/m2, about 25% less than aerosol-free low-
cloud profiles (Figure 5a). Since cloud fractions for the
DLC and low-cloud profiles are nearly identical (Table 3),
we attribute this difference to the presence of these aerosol
layers. The normalized frequency of the altitude of the dust
and cloud layers from DLC profiles (Figure 6) suggests the
height of the dust layer played a significant role in the
aerosol-cloud interaction. In DLC profiles, over 80% of
cloud layers were observed below 2.0 km. Whereas,
approximately 86% of dust layers were found above
2.0 km and above the majority of cloud layers (black curve,
Figure 6). These dust layers absorbed and scattered solar
radiation, which likely decreased the amount of solar
radiation that reached the cloud, warmed the air in the
vicinity of cloud top, and evaporated cloud particles located
in the upper part of the cloud (the semidirect effect). Huang
et al. [2006b] showed that changes in cloud microphysics
reduce the cloud cooling effect, dominated by the aerosol
semidirect effect. This appears evident, since the mean
cloud integrated attenuated backscatter (CIAB, 0.0324 ±
0.0015 sr�1) of DLC profiles was about 43% less than low-
cloud profiles (Table 3). Since CALIPSO corrects the cloud
integrated attenuated backscatter in the 5-km layer product
for overlying attenuation effects, cloud integrated attenuated
backscatter can be used as a proxy for optical depth in this
study [Young and Vaughan, 2009]. To put these values in
another prospective, with inherent uncertainty, if we assume
an extinction of 1.0 for water clouds and an identical
multiple scattering factor for both cases, a rough estimate
of S ratio would be 17.5 for low clouds and 30.9 for dust
contaminated low clouds. A running average of low-cloud
SW radiative flux is plotted as a function of aerosol layer
height for DLC and SLC profiles in Figures 7a and 7b.
Figure 8 shows the distribution of SW radiative flux based
on cloud-aerosol interaction type. ‘‘Aerosol above cloud’’ is

any profile in which the aerosol layer is 1 km or greater
above the cloud layer, ‘‘cloud above aerosol’’ is any profile
in which the cloud layer is 1 km or greater above the aerosol
layer and ‘‘mixed’’ is when both layers are within 1 km of
each other. Dust layers between 0.7 and 1.5 and km, just
within the majority of cloud layers, yield mean SW radiative
fluxes as high as 225 W/m2 (Figure 7a) where the majority
of cloud-aerosol interactions appear to be ‘‘mixed’’ or
indirect effect (red, Figure 8a). Above 1.5 km, the mean
SW radiative flux is between 170 and 215 W/m2 (Figure 7a),
a result mainly attributed to frequent observations of dust
layers above cloud layers (blue, Figure 8a). Both indirect
effects and semidirect effects likely occurred, but the latter
were more frequent (Figure 8a). Ultimately, the weakening
of net low-cloud cooling observed was likely influenced by
two factors: absorption and multidirectional scattering by
dust layers a few kilometers above low clouds and changes
in cloud microphysics initiated by the semidirect effect of
dust layers in close proximity to low clouds and associated
meteorological conditions. The influence of dust aerosols on
LW radiative effects of low clouds, already weak forcing
compared to thin cirrus clouds, was minimal because
aerosols only increased LW radiative flux by less than 5%
(Figure 5b).
[15] Similar to dust layers, the SW radiative flux of low

clouds decreased in the presence of smoke layers while the
LW flux was relatively insensitive to the presence of smoke
layers in low-cloud profiles (Figure 5b). The 3-year mean
SW radiative flux for SLC profiles was 240.0 ± 16.6 W/m2,
nearly 30 W/m2 less than low-cloud profiles (Figure 5a). It
is possible that up to 10 W/m2 of the difference is a result of

Table 3. Three-Year Mean Cloud Properties

Profile
Type

Optical
Depth

CIABa

(sr�1)
Cloud
Fraction

Height
(km)

SC 0.39 ± 0.04 0.0114 ± 0.0007 95.88 ± 0.95 12.34 ± 0.51
DC 0.37 ± 0.06 0.0112 ± 0.0013 97.53 ± 0.49 12.29 ± 1.14
Cirrus 0.53 ± 0.01 0.0152 ± 0.0003 97.44 ± 0.55 11.75 ± 0.38
SLC NA 0.0374 ± 0.0087 94.80 ± 0.38 1.40 ± 0.21
DLC NA 0.0324 ± 0.0015 96.45 ± 0.52 1.29 ± 0.13
Low cloud NA 0.0570 ± 0.0032 96.12 ± 0.66 1.93 ± 0.05

aCloud integrated attenuated backscatter.

Figure 6. Frequency of the altitude (kilometers) of low
cloud and dust layers from DLC profiles (black curves) and
low cloud and smoke layers from SLC profiles (gray
curves) for all 3 years of July data. The frequency is
normalized using the total number of DLC and SLC profiles
shown in Table 1.
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a lower mean cloud fraction in SLC profiles compared to
low-cloud profiles (Table 3). About half (55%) of smoke
layers were found below 2.0 km, at the same level as the
majority (82%) of the cloud layers, as illustrated in Figure 6,

the normalized frequency of the altitude of the smoke and
cloud layers from SLC profiles. The mean cloud integrated
attenuated backscatter (0.0374 ± 0.0087 sr�1) for SLC
profiles was nearly 35% lower than low-cloud profiles

Figure 7. Running average of instantaneous SW TOA radiative fluxes (W/m2) as a function of aerosol
layer height from the (a) DLC profiles and (b) SLC profiles for all 3 years of July data. The shaded areas
represent ±1 standard deviation.

Figure 8. The distribution of instantaneous SW TOA radiative fluxes (W/m2) according to aerosol layer
height for (a) DLC profiles and (b) SLC profiles for all 3 years of July data for three distinct cloud-aerosol
interaction types: aerosol above cloud (blue diamonds), mixed (red squares), and cloud above aerosol
(green triangles).
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(Table 3) and the inferred extinction-to-backscatter ratio
(26.7) was higher than low-cloud profiles (17.5). Figure 7b
shows slightly lower mean SW radiative flux for profiles
with smoke layers above 2.5 km than profiles with smoke
layers between 0.8 and 2.5 km. Most smoke layers above
2.5 km are located above the low clouds, while the majority
of smoke layers between 0.8 and 2.5 km are mixed with the
low clouds, a good indication of aerosol indirect effect
within the latter region (Figure 8b). Therefore, it appears
that smoke layers are likely interacting with low clouds off
the West African coast, causing an increase in cloud albedo
in many profiles, but also a decrease in low-cloud cooling,
the semidirect effect, in other profiles. Since the indirect
effect appears to be more prevalent in SLC profiles than
DLC profiles, the decrease in low-cloud cooling due to the
presence of smoke layers is weaker than that of dust by at
least 35 W/m2. Analyzing the aerosol layer height with
respect to the cloud height (Figures 6, 7, and 8) was critical
in deriving the complex cloud-aerosol interactions that
likely induced changes in radiative effects. This analysis
cannot be done using a passive A-Train instrument,
illustrating the importance of the CALIOP lidar in a study
of this nature.
[16] It is possible that radiative effects of thin cirrus

clouds could have been influenced by dust and smoke
layers, despite the fact that thin cirrus clouds were typically
5 to 9 km higher than these aerosol layers. The 3-year mean
SW radiative fluxes for DC and SC profiles were 183.8 ±
16.2 W/m2 and 167.7 ± 19.4 W/m2, respectively (Figure 5).
These values were 12% and 20% less than the 208.0 ±
12.7 W/m2 of thin cirrus profiles (Figure 5). The latter is
likely less than 20% due to difference in mean cloud
fraction between SC and Cirrus profiles. The greenhouse
effect of thin cirrus clouds was also significant. SC and DC
profiles have mean LW radiative fluxes of about 235 W/m2,
nearly 7% greater than the value of 217.8 ± 7.5 W/m2 for
aerosol-free thin cirrus cloud profiles (Figure 6). It should
be mentioned that the mean thin cirrus height for aerosol-
free profiles is about 0.5 km lower than aerosol-cirrus
profiles, but is likely not responsible for the difference in
mean LW radiative flux between these profiles. Su et al.
[2008] suggested that reduced cooling due to the existence
of dust under clouds can be considered as a warming effect
of these aerosols through dust absorption. Since the mean
cloud optical depths and cloud integrated attenuated back-
scatter for SC and DC profiles were over 25% less than thin
cirrus profiles, it is possible that changes in cloud micro-
physics also contributed to changes in SW radiative flux
observed (Table 3). Although the possible impact of the
semidirect effect of smoke and dust layers on cirrus clouds
were observed from CALIPSO cloud properties, it is
difficult to confirm that changes in cloud microphysics
were solely a result of the presence of aerosol layers and
not an artifact of the small sample sizes of the DC and SC
bins or the meteorological conditions in which the dust and
smoke layers were transported. However, Su et al. [2008]
used the Fu-Liou radiation model, during a study of dust
semidirect radiative effect on cirrus clouds, to demonstrate
that 78.4% of the total aerosol radiative forcing can be
attributed to aerosol indirect and semidirect effects. Also,
Twohy et al. [2009] showed Saharan dust acts as cloud
condensation and ice nuclei in clouds off the west coast of

Africa through observations taken during the NAMMA
field campaign.

4. Conclusion

[17] Dust and smoke from African sources are transported
into the tropical Atlantic atmosphere, where they interact
with marine boundary layer and thin cirrus clouds. These
cloud-aerosol interactions influence the atmospheric radia-
tion budget and climate system. Phenomena such as aerosol
indirect and semidirect effects can occur, but few studies
have demonstrated these effects as seen from observational
data. Therefore, cloud-aerosol interaction remains a major
uncertainty in understanding the climate system. The launch
of the CALIPSO satellite has made it possible to detect
aerosol and cloud layers in high-resolution vertical profiles
using the CALIOP backscatter lidar.
[18] Individual cloud layers over the tropical Atlantic

resulted in stronger SW radiative cooling, and stronger
greenhouse effects compared to clear and pristine condi-
tions. These radiative effects of marine boundary layer
and thin cirrus clouds over the tropical Atlantic were altered
by African dust and smoke layers and associated meteoro-
logical conditions. When dust or smoke layers existed
below thin cirrus clouds, the SW radiative flux decreased
by about 12–20% compared to aerosol-free thin cirrus
clouds. This decrease in SW radiative flux was likely due
to aerosol absorption below the cloud, but changes in cloud
microphysics resulting from cloud-aerosol interactions and
meteorological conditions may have played a role as well.
The more profound impact was found at the lower levels.
Profiles with dust and low clouds present, according to the
method, had a 3-year mean SW radiative flux of 205.4 ±
13.0 W/m2, about 25% less than aerosol-free low-cloud
profiles. This originated in part from dust layers elevated
above low clouds which absorbed solar radiation, inhibited
radiation from reaching the cloud and evaporated cloud
particles within the cloud. This decrease in low-cloud SW
radiative flux during the presence of elevated Saharan dust
layers induced a weakening of low-cloud cooling in excess
of 30%, exhibiting the importance in understanding the
influence of cloud-aerosol interactions on the radiation
budget and climate system. Similarly, the SW radiative flux
for SLC profiles was 12% less than low-cloud profiles.
Changes in cloud microphysics, originating from the aero-
sol indirect and semidirect effects, were a likely influence
since mean cloud integrated attenuated backscatter for SLC
profiles were nearly 35% lower than aerosol-free low-cloud
profiles. The aerosol layer height was a critical factor in
determining cloud-aerosol interactions and is better detected
using the CALIOP lidar data than any passive A-Train
instrument.

[19] Acknowledgments. NASA’s Radiation Sciences Program
funded this study. Special thanks go to all the members of the CALIPSO
and CERES science team for making the instrument data available and
providing insight on retrieval uncertainties.
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